Glycoside hydrolases (GHs) are enzymes that catalyze the hydrolysis of glycosidic bonds in glycoconjugates, oligo-and polysaccharides. A classification of these enzymes based on conserved sequence and structure motifs supported by the Carbohydrate Active Enzyme (CAZy) database has proven useful in the systematic groupings of similar enzymes into families. The human pathogen Mycobacterium tuberculosis employs 30 GHs to perform a variety of different functions, which can be divided into four broad categories: α-glucan metabolism, peptidoglycan remodeling, β-glycan hydrolysis and α-demannosylation. The review presented here shows how the GHs that have been characterized play a role in each category. Expanding the genomic analysis of GH presence to other Mycobacterium species has highlighted the importance of certain families-most notably GH13 and GH23-in the general genomic make-up of mycobacteria. Since many GHs are still uncharacterized and considered as "conserved hypothetical" proteins, the grouping of them into respective families provides a strong prediction on their putative biological functions.
Introduction
Mycobacterium tuberculosis ranks among the worst human pathogens with 9.6 million people contracting tuberculosis and 1.5 million deaths reported in 2014 (WHO 2015) . Moreover, closely related members of the M. tuberculosis complex are major pathogens of veterinary importance causing animal tuberculosis, which has a great economic impact (Muller et al. 2013) . Despite considerable advances in understanding its unique mechanisms of causing disease, many genes, metabolic pathways and processes, which are deemed essential for virulence and/or persistence, are still poorly understood. Depending on the source and definition, as many as 40% of protein-coding genes of M. tuberculosis have no assigned function or are considered "hypothetical" (Lew et al. 2011; Doerks et al. 2012) . This value excludes genes with closely related orthologs, but without any functional characterization. Many of the candidate glycoside hydrolases (GHs) fall under this category. As they are responsible for the hydrolysis of carbohydrates and glycoconjugates, they play key roles in the biosynthesis and degradation of these ubiquitous compounds.
GHs catalyze the hydrolysis of the glycosidic bonds that link a glycoside to its aglycon, leading to the formation of a reducing sugar and a free aglycon (Zhang et al. 2010) . For GHs, water is thus the acceptor molecule and, due to the concentration of water under physiological conditions, the equilibrium is usually displaced toward hydrolysis. The acceptor molecule, however, can sometimes be an alcohol or a phosphate from another molecule, such as a sugar or a lipid or even a free phosphate. In such cases, the term "transglycosidase" or "phosphorylase" is respectively used to describe the reaction. Hydrolysis of the glycosidic bond occurs via general acid catalysis that requires two critical residues: a proton donor and a nucleophile/base that were originally proposed by Koshland (1953) . This hydrolysis occurs via two major mechanisms, which result in the overall retention or inversion of the anomeric configuration of the substrate.
Traditionally, enzymes have been grouped according to the guidelines set by the International Union of Biochemistry and Molecular Biology (IUB-MB), which is largely based on their substrate specificities (IUBMB 1992) . For GHs (more specifically here the term "glycosidases" is used), the enzyme classification number is EC 3.2.1.x and is defined as enzymes capable of hydrolyzing O-and S-glycosyl compounds. The last digit varies depending on the structure of the substrate and product. Even though the IUB-MB classification system is still being used, it does not reflect the structural and mechanistic features of GHs. Another classification system based on amino-acid sequence similarities between different enzymes has gained much popularity since its conceptualization in the early 1990s (Henrissat 1991) . Expansion of this classification system culminated in the development of the Carbohydrate Active Enzyme (CAZy) database (www. cazy.org) (Cantarel et al. 2009 ). As there is a direct correlation between amino-acid sequence and fold similarities, this classification reflects the structural features of the given enzyme better than the sole substrate specificity. It can also help in revealing the evolutionary relatedness between these enzymes. But arguably the most beneficial attribute of the CAZy classification system is that, due to the fact that enzymes grouped in the same family share structural and mechanistic similarities, it would allow for generalizations to be inferred on uncharacterized members. More particularly, CAZy family membership allows to predict the stereochemistry of the bond that can be cleaved and the stereochemistry of the product (before mutarotation occurs). With practically no exception, the mechanism used (i.e. retaining or inverting the anomeric carbon configuration) is conserved within a GH family.
As mentioned earlier, several CAZy GH families, including some which will be discussed hereafter, contain members that have proven transglycosidase or phosphorylase activity. Although retaining glycosidases, transglycosidases and phosphorylases share an essentially similar catalytic apparatus, it remains a compelling question for many glycobiologists why certain enzymes that, from a superficial inspection (based on sequence similarity and structural features), use a molecule other than water as an acceptor (Bissaro et al. 2015) . No clear-cut explanation has emerged from recent literature that could explain every case. Crystallographic analysis of proven transglycosidases has shown a disfavoring of the binding of water within the acceptor site (Larsbrink et al. 2012) . Gating of the conformation of the intermediate enzyme-substrate complex by the binding of an appropriate acceptor other than water has also been shown (Uitdehaag et al. 1999 ). In addition, α-retaining glycosidases that share a similar mechanism to transglycosidases are all equipped with so-called anti-protonators, which is detrimental for the transition state stabilization (Nerinckx et al. 2005) . Thus, understanding how the transition states differ between true GHs and transglycosidases appears to be key in how it affects the ratio of hydrolase versus transglycosylase events that takes place during catalysis.
Based on the CAZy family classification system, M. tuberculosis H37Rv contains 30 GH-encoding genes from 14 different families with some which may be transglycosidases or phosphorylases, as discussed above. A list of all of the GHs along with relevant features is provided in Table I . A striking feature is the over-representation of members of families GH13 and GH23 (50% of all the GH genes). As only 12 of the 30 gene products have been biochemically characterized, only assumptions can be made on the others based on the GH family they belong to. They are discussed below in terms of the broad categories they have been grouped in namely α-glucan metabolism, β-glycan metabolism, α-demannosylation and peptidoglycan remodeling.
Alpha-glucan-targeting enzymes
Trehalose (sometimes known as mycose) is a non-reducing disaccharide consisting of two glucopyranoside residues linked via an α,α-1,1-glycosidic linkage. Interestingly, trehalose is found in insects, plants and many microorganisms, but absent in all mammals. Apart from serving as a short-term reserve carbohydrate, it is a wellknown protector of proteins and membranes against many kinds of stresses. Many other soluble trehalose-based oligosaccharides with glucose or galactose residues attached in various linkages have also been identified in Mycobacterium smegmatis, which could also aid in protection against various stresses (Ohta et al. 2002) . Trehalose also serves as a so-called sugar scaffold for the biosynthesis of many essential mycobacterial cell wall components. The best example is that of trehalose-6,6′-dimycolate (known as the cord factor), which is the most abundant glycolipid found in the mycobacterial cell wall and its immunogenic capabilities are well documented (Yamagami et al. 2001; Kan-Sutton et al. 2009 ). Recently, comprehensive reviews that cover trehalose metabolism in general (Ruhal et al. 2013; Kalscheuer and Koliwer-Brandl 2014; Bornemann 2016) as well as its role in pathogenicity have been published (Tournu et al. 2013; Empadinhas 2014) .
In M. smegmatis, it has been shown that intracellular trehalose levels are maintained at concentrations that range from 1.5 to 3.0% of the cell dry mass and is the only free sugar detected under routine cultivation conditions (Elbein and Mitchell 1973) . It appears that a relatively constant level of trehalose is maintained even under nutrient-deprived stress conditions unlike glycogen, thus highlighting its importance outside of being a reserve carbohydrate.
Based on current knowledge, mycobacteria possess two pathways that synthesize trehalose as depicted in Figure 1 . Mutants missing in these pathways cannot grow without exogenous trehalose.
The disaccharide transporter system encoded by the lpqY-sugAsugB-sugC operon has been shown to transport trehalose across the cell membrane (Kalscheuer et al. 2010b) . GHs play key roles in one of these biosynthesis pathways and are also central to the two main degradation pathways of trehalose.
Perhaps, the most prevalent pathway for the biosynthesis of trehalose involves the trehalose phosphate synthase (TPS) and trehalose phosphate phosphatase (TPP) enzymes (encoded by otsA and otsB, respectively, in M. tuberculosis). It should be noted that the two main enzymes involved in this pathway are not GHs, but are mentioned here for the complete picture of trehalose biosynthesis. OtsA (a Leloir-type glycosyltransferase) catalyzes the transfer of glucose from a nucleoside diphosphate (NDP)-activated glucose (either ADP-glucose or UDP-glucose) to glucose 6-phosphate to form trehalose phosphate with the release of the respective NDP. The OtsA of M. tuberculosis has a 10-fold higher affinity for ADP-glucose than for UDP-glucose (Asención Diez et al. 2015) . The OtsB enzyme then catalyzes the dephosphorylation of trehalose-6-phosphate to release free trehalose and an inorganic phosphate. In M. smegmatis, the OtsB (Matula et al. 1971 ) is highly specific for trehalose-6-phosphate, but shows little similarity to the M. tuberculosis counterpart (less than 25% on amino-acid level) (Klutts et al. 2003; Edavana et al. 2004) . Interestingly, there are two otsB-encoding genes in M. tuberculosis, namely otsB1 (encoded by Rv2006 which The genes treX, aglA, malQ, bglS, lpqI and lpqU have been given these names based on E. coli orthologs despite no functional characterization.
b Based on Phobius prediction server (http://phobius.binf.ku.dk/) (Käll et al. 2007 ). Families 5 and 13 have been divided into subfamilies (Aspeborg et al. 2012; Stam et al. 2006 ).
e Contains a putative Type VII secretion signal YxxxxD at its C-terminal. f GHnc: non-classified GH.
is classified as a family GH65 enzyme) and otsB2 (encoded by Rv3372) as both show homology to TPP enzymes. It appears that only OtsB2 expresses trehalose-6-phosphate phosphatase activity and is essential for growth (Murphy et al. 2005) . The functional role of OtsB1 is still unknown as are the evolutionary dissimilarities between mycobacterial TPPs although it has been proposed that OtsB1 could participate in the dephosphorylation of phosphorylated trehalose monomycolate (Takayama et al. 2005) .
Another pathway, known as the TreYZ pathway, involves producing trehalose from the breakdown of linear versions (i.e. unbranched) of glycogen. Glycogen is a polysaccharide composed entirely of glucopyranoside residues with linear α-1,4-linked malto-oligosaccharides connected by α-1,6-linked branch points, which give rise to a large tree-like structure that could reach tens of nanometers in diameter (Rashid et al. 2016) .
The terminal α-1,4-glycosidic linkage at the reducing end of a glycogen molecule is converted to an α-1,1-bond, yielding malto-oligosyltrehalose by a family GH13 enzyme called maltooligosyltrehalose synthase (TreY). A malto-oligosyltrehalose hydrolase (TreZ) would then catalyze the hydrolysis reaction of the cleavage of trehalose from malto-oligosyltrehalose. TreZ also belongs to family GH13 and possesses an appended carbohydratebinding module (CBM48). CBMs are non-catalytic regions that are known to increase the binding capacity and activity of the enzymatic module to which it is bound to and are also presented in sequencebased families in the CAZy database (Boraston et al. 2004 ). CBM48 members have been shown to bind α-glucans including glycogen (Pal et al. 2010 ). Deletion of treY or treZ genes do not result in any severe growth phenotype, underlining the minor role the TreYZ pathway plays in the trehalose metabolism of M. tuberculosis. The TreYZ pathway only acts on linear α-1,4-glucan, which implies that glycogen would need to be debranched. The family GH13 enzyme Rv1564 (named TreX) is a putative malto-oligosyltrehalose synthase and could play a crucial role in the debranching of glycogen as it is assumed to catalyze the hydrolysis of the α-1,6-glycosidic branch linkages. Surprisingly, little is known of mycobacterial TreX (encoded in the same operon as TreY and TreZ), which is predicted to be an essential protein for survival (Griffin et al. 2011) . Its essentiality implies alternative roles besides supplying linear α-glucan to the TreYZ pathway, for instance providing unbranched α-glucan for the complete breakdown of glycogen conducted by the glycogen phosphorylase (GlgP; Alonso-Casajus et al. 2006) .
Another related pathway involves a maltose α-D-glucosylmutase (TreS), which interconverts maltose to trehalose by isomerizing the α-1,4-into an α-1,1-glycosidic linkage. Though under tested in vivo conditions, for the M. tuberculosis TreS (another family GH13 enzyme), the flux is directed toward the consumption of trehalose, thus yielding maltose (Miah et al. 2013) . It is thus unlikely that TreS would synthesize trehalose from maltose under the prevailing biological conditions. As discussed in the review by Chandra et al. (2011) , the homeostases of the two main α-glucans are intricately connected with many GHs playing key roles in both. Unlike trehalose, the principal role for glycogen within cells is long-term storage of carbon and is linked to persistence ). Despite differences in branching patterns, degree of polymerization and density between glycogen and the α-glucan moiety of the mycobacterial capsule, it is widely assumed that the pathway responsible for the synthesis of both glucans is the same (Dinadayala et al. 2008; . Numerous studies have implicated the mycobacterial capsule in the immunomodulation of the host cell response. For instance, the α-glucan moiety of the capsule of M. tuberculosis has been shown to act as a ligand for the human C-type lectin DC-SIGN (dendritic cell-specific ICAM-3-grabbing non-integrin; Geurtsen et al. 2009 ).
The co-transcribed glgE and glgB genes (encoded by Rv1327c and Rv1326c, respectively) are key in the synthesis of glycogen. GlgE, a family GH13 enzyme, acts as a maltosyltransferase by using α-maltose-1-phosphate (M1P) (a product of the phosphorylation reaction catalyzed by an enzyme called Pep2) as the building block to extend glucan chains (Kalscheuer et al. 2010a) . GlgB would then catalyze the formation of α-1,6-glycosidic bonds within the linear glycogen and is thus a glycogen branching enzyme (Garg et al. 2007 ). GlgB bears, like TreX and TreZ, a CBM of family CBM48. GlgE is the only enzyme in M. tuberculosis capable of utilizing M1P as a substrate and its inactivation would lead to the accumulation of M1P and results in self-poisoning of M. tuberculosis (Kalscheuer et al. 2010a ). This makes GlgE, a promising drug target and has been the topic of inhibitor studies (Syson et al. 2011; Veleti et al. 2014) . The crystal structures of both GlgE and GlgB proteins have been solved (Pal et al. 2010; Lindenberger et al. 2015) , which also aided in the subsequent virtual screening of compound libraries against both enzymes (Dkhar et al. 2015) .
M. tuberculosis also possesses a highly specific family GH15 α,α-trehalase encoded by Rv2402, which catalyze the hydrolysis of trehalose into two glucose monomers (Carroll et al. 2007 ). Addition of inorganic phosphate is required for activity. It is suggested that trehalase action could play an important role in maintaining the appropriate levels of intracellular trehalose.
There are four additional GH-encoding genes (excluding treX), whose gene products are thought to play a role in α-glucan metabolism, but so far without any experimental proof. Rv3401, a paralog (2011) and Bornemann (2016) . Graphical representations of glucans were drawn according to Varki et al. (2015) . GHs, glycoside hydrolases.
of Rv2006 and thus a family GH65 member, has been proposed to play a role in converting trehalose to glucose and glucose-1-phosphate (Murphy et al. 2005) . It is believed that Rv3031 (family GH57) is another branching enzyme similar in function to GlgB (Chandra et al. 2011) . Its corresponding gene is located within a putative operon with Rv3030 and Rv3032, whose respective gene products have been implicated in the elongation of 6-O-methylglucosyl-containing lipopolysaccharides (Stadthagen et al. 2007 ). Giving its predicted essentiality (Griffin et al. 2011; DeJesus et al. 2013) , as well as the fact that Mycobacterium leprae (a genus member which has undergone drastic genome reduction) has an intact ortholog, makes Rv3031 a compelling unknown.
The presence of a putative amylomaltase (Rv1781c, MalQ of family GH77) implies that mycobacteria might have the ability to transfer segments of α-1,4 glucans onto other α-1,4 glucans like has been shown for other closely related family GH77 members (Naumthong et al. 2015) . Rv2471 (AglA), another family GH13 member, is a possible α-glucosidase that could catalyze the removal of terminal, non-reducing 1,4-linked D-glucose residues from maltose or longer-chain α-glucans.
As is apparent, a significant number of GHs of M. tuberculosis belongs to just one family-that of GH13-a family that exclusively acts on substrates containing α-glucoside linkages. Family GH13 is one of the largest families in the CAZy classification system, with more than 20 different enzyme activities reported. Due to its sheer size and the diversity of activities, this family has been one of the first CAZy families to be phylogenetically divided into subfamilies where most subfamilies exhibit only one type of activity (Stam et al. 2006 ).
β-Glycanases
Intriguingly, M. tuberculosis possesses at least six genes encoding proteins that could be involved in targeting the polysaccharides found in lignocellulose-cellulose in particular. Cellulase genes with proven enzymatic function are encoded by the genes Rv0062 and Rv1090. Rv0062 is a functional GH6 endoglucanase capable of hydrolyzing cellulose substrates like acid swollen cellulose and mixed linkage β-glucan (Varrot et al. 2005) , whereas Rv1090 (from the GH12 family) encodes another cellulase that also shows activity on mixed linkage β-glucan (Mba Medie et al. 2011b) . It is noteworthy that the Rv1090 gene is present within the slow-growing M. tuberculosis complex, but absent in any of the mycobacteria or even closely related cellulolytic microorganisms. The protein Rv1987 has a carbohydrate-binding module (belonging to the CBM2 family) and has been shown to have cellulose-binding properties, but is not appended to a catalytic module. Although not proven for Rv1987, several non-catalytic CBMs have been shown to enhance the accessibility of lignocellulosic substrates to hydrolytic enzymes (Moser et al. 2008) .
Presumably, Rv0186 (or bglS), which encodes a putative β-glucosidase, would play a key role in the final conversion of cellulase end products i.e. cellobiose or longer cello-oligosaccharides to glucose although no proof exists that any mycobacteria can utilize cellobiose as a carbohydrate source. Since BglS is not secreted (i.e. does not have a recognized signal for secretion), this implies that cellobiose or longer cello-oligosaccharides would need to be transported intracellularly via non-specific disaccharide transporters (Schlosser et al. 1997) .
The genes Rv0315 and Rv3096 encode for secreted proteins that show homology to β-1,3-glucanase and β-xylanase enzymes, respectively. Rv3096 belongs to the large family GH5 which has, like family GH13, also been divided into subfamilies (Aspeborg et al. 2012) . However, the specific subfamily that Rv3096 belongs to still lacks a characterized representative. Rv0315 has recently been shown to be enzymatically inactive, exhibiting no hydrolytic activity on the branched β-1,3 glucan laminarin despite reconfirming its ability to induce an immunological response (Dong et al. 2015) . Both Rv0315 and Rv3096 have been identified in several studies as secreted antigens as both have been shown to have immunostimulatory capabilities (Amor et al. 2005; Vani et al. 2006; Song et al. 2008; Byun et al. 2012) .
It should be noted that despite having functional cellulolytic capabilities, the members of the Mycobacterium genus are not considered truly cellulolytic as none have been reported to utilize a crystalline form of cellulose (Koeck et al. 2014 ). An apparent lack of exoglucanases among the GHs might be a contributing factor. As many Mycobacterium members largely reside within intracellular environments, M. tuberculosis is unlikely to encounter these substrates in an animal host. There are, however, suggestions that when ingested by ruminants, mycobacteria like the closely related Mycobacterium bovis could utilize cellulases to aid in hydrolyzing the plant material located in the rumen, but this is not borne out of any experimental evidence (Varrot et al. 2005) . The same notion could hold true for the human gut environment as M. tuberculosis is often found in fecal specimens of tuberculosis patients (Kokuto et al. 2015) . Genera with a similar rudimental repertoire of cellulases would need to form partnerships with true cellulolytic organisms in order for these enzymes to have any obvious benefit (Kato et al. 2005) . Many mycobacteria can colonize free-living amoeba and since the latter can develop cellulose-containing exocysts, it has also been proposed that these enzymes could play a unique role within these structures, although this also awaits experimental confirmation (Ben Salah and Drancourt 2010; Mba Medie et al. 2011a; Lamrabet et al. 2012) .
A startling new report shows that M. tuberculosis can indeed synthesize cellulose once induced to form in vitro biofilms (Trivedi et al. 2016 ). The addition of cellulases destroyed the structural integrity of the biofilm. The enzymes involved in the biosynthesis of mycobacterial cellulose are not yet known, but this study opens up new avenues in uncovering the biological role of the β-glycanases.
Alpha-demannosylation
Protein glycosylation where sugar moieties are added onto proteins is a common post-translational modification and provides another dimension to the properties of proteins. Glycosylation can affect many aspects including the folding, conformation, solubility, stability and function of a given protein (Parekh 1991) . In M. tuberculosis, mannosylation (i.e. the addition of activated mannose sugar units onto proteins and lipids) is a major contributor to the mycobacterial cell wall biology.
Mycobacterial mannoproteins and lipids are adhesins that contribute to the infectiousness by binding to host innate immune system receptors like the lung surfactant protein A as well as the previously mentioned DC-SIGN (Pitarque et al. 2005; Ragas et al. 2007 ). These receptors are preferentially used by mycobacteria to enter target cells and evade host defense mechanisms and thus have a pivotal role in pathogen-host interactions. More specifically, mannosylation has been shown to be crucial in invoking the immunostimulatory capabilities of the well-studied antigen Apa (Rv1860) as it interacts with the lectin receptors of the host through its mannosyl appendages (Horn et al. 1999; Coddeville et al. 2012) . Glycosylation also modulates the antigenic processing of the lipoprotein antigen LpqH (Rv3763) (Herrmann et al. 1996) .
Mannosylation is conducted by a wide range of mannosyltransferases as discussed in great detail in Berg et al. (2007) . Many of these enzymes are crucial for the biogenesis and integrity of the cell envelope, through the biosynthesis of cell wall-associated components, such as the phosphatidylmannosides, lipomannan and lipoarabinomannan and are thus prime targets for future drug development attempts. M. tuberculosis Rv1002c, a membrane protein homolog of eukaryotic protein mannosyltransferases, was shown to catalyze the initial step of protein mannosylation (VanderVen et al. 2005) , indicating that the process of protein mannosylation is conserved between M. tuberculosis and eukaryotic organisms. In addition, it has been established that O-mannosylation is a crucial element for virulence of M. tuberculosis (Liu et al. 2013) .
There are three genes that putatively encode for α-demannosylating enzymes, Rv0648, Rv0365c and Rv0584 based on the fact that they belong to GH families (GH38, GH76 and GH92, respectively) that solely target mannose-containing substrates. Among them, only Rv0648 has been experimentally shown to act as an α-mannosidase being able to hydrolyze synthetic aryl-α-mannoside substrates (Rivera-Marrero et al. 2001 ). Interestingly, this study also showed an increased α-mannosidase activity within the more virulent Erdman strain compared with the reference H37Rv strain, which could be a combination of the activities of all three enzymes. No biochemical data exist for Rv0365c although it has been shown to, when overexpressed, increase the survival of M. smegmatis in macrophages (Miller and Shinnick 2001) .
Despite the prominent presence of phylogenetically different demannosylating enzymes, the interplay between the mannosylation and demannosylation of proteins and other cell wall components and how this affects virulence have not yet been well established in M. tuberculosis.
Peptidoglycan remodeling
Family GH23 is a very large GH family and almost all bacterial members of this group display peptidoglycan lytic transglycosylase (LT) activity. These enzymes show structural and enzymatic similarities to eukaryotic lysozymes (Cohen-Gonsaud et al. 2004) . Unlike lysozyme, which hydrolyzes the β-1,4-linkage between N-acetylmuramyl and N-acetylglucosaminyl residues within the peptidoglycan main chain, LTs catalyze an intramolecular transglycosylation to the C-6 hydroxyl group of the muramyl residue which leads to the formation of a terminal 1,6-anhydromuramic acid (Höltje et al. 1975) . LTs also differ from lysozymes in their lack of activity against chitin or chitooligosaccharides.
M. tuberculosis has eight genes encoding GH23 proteins, five that are resuscitation-promoting factors RpfA-E and three non-Rpf genes (Rv1022, Rv1230c, Rv3896c). An alignment of the protein sequences of the eight GH23 enzymes are shown in Figure 2 . Since the discovery that an LT can reactivate dormant Micrococcus luteus cells (Mukamolova et al. 1998 ), similar observations have been made for the mycobacterial Rpf proteins (Zhu et al. 2003; Wu et al. 2008) . A quintuple knockout strain where all five Rpf genes were genetically removed from M. tuberculosis still showed in vitro viability, but could not be revived from an induced non-culturable state (Kana et al. 2008) . This also alludes to the significant level of redundancy among the Rpfs, which stretches throughout the whole Mycobacterium genus (Machowski et al. 2014) .
Despite a wealth of in vitro and in vivo studies on the effect of Rpfs on the physiology and virulence of mycobacteria, their biochemical characterization is still far from complete. Both RpfB and RpfE have been shown to interact with the important peptidoglycan endopeptidase RipA (Hett et al. 2007 ). In addition, RpfE also dramatically increased the peptidoglycan hydrolysis activity of RipA even though its own activity was negligible (Hett et al. 2008; Nikitushkin et al. 2015) . The crystal structures of RpfB (CohenGonsaud et al. 2005; Ruggiero et al. 2009; Squeglia et al. 2013) , RpfC (Chauviac et al. 2014) and RpfE (Mavrici et al. 2014 ) have been solved and show slight differences within the putative catalytic cleft which, with the aid of biochemical characterization studies, could explain the redundancy of the Rpf genes.
The three other GH23 enzymes that are not Rpfs have not been characterized to any extent. Although conflicting data exist, it has been suggested that Rv3896c forms part of a gene cluster that encodes for a Type VII secretion system (ESX-2) and is the only GH that is associated with a secretion system even though its exact role within the secretion machinery is unknown (Gey Van Pittius et al. 2001; Das et al. 2011) . The other two (Rv1022 and Rv1230c) share limited similarity with each other (36% identity) and are predicted lipoproteins. Rv1022 contains a PS00013 prokaryotic membrane lipoprotein lipid attachment site. Rv0237 belongs, like the supposed β-glucosidase BglS (Rv0186), to family GH3, but falls under a subfamily that consists mainly of β-N-acetylglucosaminidase enzymes. Since many closely related β-N-acetylglucosaminidases are known to hydrolyze peptidoglycan (Hao et al. 2016) , Rv0237 was grouped under the peptidoglycan remodeling enzymes. This clade of GH3 has recently been shown to possess glycoside phosphorylase activity (Macdonald et al. 2015) . It also contains a PS00013 prokaryotic membrane lipoprotein lipid attachment site.
Interestingly, many mycobacterial phages contain genes coding for proteins with Rpf-like domains belonging not just to GH23, but also to the closely related families GH19 and GH25 (Payne and Hatfull 2012) . It has been shown that the tape measure protein of the phage TM4, which contains a Rpf-like domain, has peptidoglycan hydrolase activity and improves the infection ability of the phage especially during the stationary growth phase of its mycobacterial host (Piuri and Hatfull 2006) . Fig. 2 . Multiple protein sequence alignment of the GH23 members of M. tuberculosis H37Rv using CLUSTAL Omega (version 1.2.1) (Sievers et al. 2011) . Highlighted is the proposed catalytic proton donor. For the GH23 family, it is identified to be a glutamate (E). GH, glycoside hydrolase.
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The most recent addition to the list of enzymes is that of Rv2525c which is still not assigned to a specific GH family for lack of a direct functional characterization. A genetic knockout strain where Rv2525c was deleted showed a dramatic susceptibility toward β-lactams suggesting a role in peptidoglycan homeostasis (Saint-Joanis et al. 2006) .
A unique feature within the Mycobacterium genus is that its peptidoglycan is covalently tethered to an arabinogalactan (AG) layer. In short, this polysaccharide contains itself three regions: (i) a disaccharide "linker" attached to the peptidoglycan, (ii) the galactofuran [(1,6)-β-D-Galf-(1,5)-β-D-(Galf)] n , which is attached to the linker unit and (iii) a complex arabinan moiety covalently linked to the galactofuran (Brennan 2003 ). The mycolic acids are then attached to the arabinan to form the outermost layer of the cell envelope. Therefore, the integrity of the outer and inner layers assembly forming the mycolic acid-AG-peptidoglycan skeleton hinges on the AG region. However, despite its physiological importance, very little information is known regarding the remodeling of AG. Therefore, one can hypothesize that several GHs with unknown functions (Table I ) may participate in cell wall catabolism by catalyzing the degradation of arabinan and galactan of AG.
Other mycobacteria
As explained in Lombard et al. (2014) , the curators of the CAZy database systematically analyze genomic data obtained from finished entries provided by Genbank, European Molecular Biology Laboratory or DNA Databank of Japan in order to identify and group the GHs and all the other CAZy in CAZy families. The implemented methodology provides coherent sets of annotations and simplifies comparisons between different genomes. As whole genome sequence data are available for most Mycobacterium species, their respective CAZomes (i.e. the collection of all encoded CAZy) could be easily obtained and analyzed using the CAZy database as illustrated in Figure 3 . Caution should, however, be taken as the CAZy pipeline only examines predicted proteins and, as a consequence, is sensitive to incompletely annotated genomes. Manual inspections are thus sometimes necessary to confirm deductions made by comparing different CAZomes.
Generally, the CAZome of an organism comprises 1-5% of the total number of proteins encoded by the genome. This holds true for the Mycobacterium genus including the obligate intracellular pathogen M. leprae (which possesses 19 GHs, but only 7 are intact). The amount of GH-encoding genes ranges from 23 for M. chelonae to over 40 for some of the environmental Mycobacterium species. It is noteworthy that M. leprae does not have any intact GH13-encoding genes. It is also striking how few GHs involved in carbohydrate acquisition are found in Mycobacterium and this is clearly manifested in the limited amount of polymeric carbohydrate sources many members can utilize. This also reflects on the intracellular lifesyle of many of its members where host lipids are utilized as carbon sources (Brzostek et al. 2009 ). Although not discussed in this review, it is also noteworthy that no mycobacteria harbors any polysaccharide lyase-encoding genes.
Conclusion
In the literature, the prefix "myco" is often used by mycobacterial researchers to showcase the unique features pertaining to the general lipid architecture of mycobacteria (like mycolipids, mycomembrane and mycolates). Thus, a major focus on basic mycobacterial research has been on the its lipid composition rather than its carbohydrate features. Despite this, there are many GHs, particularly the ones involved in trehalose biosynthesis and the resuscitation-promoting factors, that play crucial roles in the persistence, virulence and general biology of M. tuberculosis and justify their considerations as prime drug targets (Gupta and Srivastava 2012; Thanna and Sucheck 2015) .
In broad terms, the specificity of enzymes that target carbohydrates, especially GHs, far exceeds that of most other classes of enzymes including nucleases, proteases, esterases, lipases and kinases. This fact complicates predicting the function of these classes of enzymes based on primary sequence alone. Even though by convention, no enzyme could be assumed to possess an activity if no experimental proof exists, the proven predictive prowess of the CAZy classification system eases the initial investigation into determining putative function of any GH.
This bodes well for the more than half of the M. tuberculosis GHs that still await experimental investigation to confirm their Fig. 3 . Comparison of the genomic profile of GHs in selected Mycobacterium species. Diagram was drawn using Multiple Experiment Viewer software (Saeed et al. 2003) and genomic data obtained from CAZy database (Lombard et al. 2014) . Euclidean distance matrix was selected to cluster the different mycobacterial species. CAZy, Carbohydrate Active Enzyme; GHs, glycoside hydrolases.
function. As the CAZy database has set up a user-friendly platform from which one could approach each unknown GH, it facilitates the translation of the current predictome into a fully characterized CAZome. 
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